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VA
SUWOARY

magnetic suspension systems can meet the requirements for spacecraft

momentum wheel bearings. The main aim of the wort- described in this R ,rt wasj

to investigate the effects of interleaving, soft iron spacer rings of v, .ous

thicknesses between the magnetic rings of a repulsion type magnetic bearing.

An optimum thickness of iron ring was found which pLoduced a maximum increase

in radial stiffness over the stiffness obtained without iron sI, cers. The mag-

netic inhomogencity of the magnets was measured and found to have a small

effect on the radial stiffness. Theory predicts that a single repulsion bear-
ing will be cross-axially stable if the ratio of its length to diameter exceeds

V /3. This value was confirmed within the uncertainty of the experiment The

external magnetic fields from representative bearing assemblies were-. .ured. .
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I INTRODUCTION

Since the earliest days of space exploration, attitude contiol has often

been achieved tlhrough the gyroscopic properties of a rotati .g riss. The most

com1,n technique Las involved rotation of the complete spa:ecraft. In recent

years, there has been ar, increasing requirement for parts of spacecraft to

remain :ixed relative to some defined direction. An example is the need for
commnications aerials to remain pointing at the Earth. This has led to

mechanically despun coponents of a body otherwise rotationally stabilised. It

is a logical development of such a system te remove the angular momentum sr.orage

from the main spacecraft body to a high speed, low mass wheel. The design of

such a wheel posei several problem, particularly as the most likely applica-
Lions require lifetimes of the order of ten yeirs. Conventional ball and grease

bearings both involve contact between the parts in relative notion; hence wear

takes place. Furthermore there are difficulties in maintaining a lubricating

film in a vacuum and while weightless. Such problems, and the related problems

of gas bearings, may not be insoluble, but their nature is such that bearings

designed by these principles cannot be shown to have the lifetiuaes needed

without ground testing lasting at least as long as those proposed lives.

An ideal suspension system for a spacecraft momentum wheel needs to be

non-contacting. have a predictable likelihood of failure and have the poLential

for reducing the risk of failure by including redundancy into the design.

These requirements, and others normal to spacecraft such as ~mmtuity from radia-

Lion, thermal acceptability to and compatibility with existing spacecraft

systems, can be met by a magnetic suspension system.

Magnetic suspension systems can take many forms and use several different

principles. The magnetic forces used may be produced by electromagnets or

permanent magnets or both. The suspension may be achieved thrcugr, Lhe attrac-

tion of unlike poles, or the repulsion of like poles. Devices using diamagnetic

or superconducting materials are as yet impractical in this application. All

other devices are constrained by Earnshaw's Theorem1, which in this context

denies the existence of a stable equilibrium position for a wheel supported by

a time invariant magnetic field. In oth." words, at least one degree of

translational freedom needs to be actively servo controlled electromagnetically.

With one rotational degree of freedom controlled by a motor this leaves the

remaining four degrees of freedom to be passively controlled by ?ermanent

magnets.
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This. Rt'poit does not seek to compare or evaluate relative merits or draw-

Iad ks between alternative systems. As yet there is no design which even in
-,r , iplc.t , ter• clear i-dvant.age over its rival,. Mainly passive systems,

at is those with maximal| o•nt.rol by permanent magnets, can use the attraction

,.I repulsion, principle. Theoretically neither type has any advantage over the

.,ther, althOugh in the future- there may be pract.cal reasons for a preference.

.!ainiv or wholly active systems, which are those using servo control in more

E~ar •onet axis, have advantages and disadvantages which can only be evaluated in

toe ligft of a specific applicatior. But in all casces, mechanical contact and
tierefor,, wear is rewmoveO and thie reliability of the suspension is very nearly

the reliability of the control electronics, which can be confidently predicted.

Furthermore, ouplication of electronics can provide redundancy, hence increasing

the reliabilitý of the svstera.

iMainly passive magnetic suspensions, in particular those using the repul-

si, •princ'iple, have only become feasible with the advent of commercially
2o 1'.Iilahl)e samarium cobalt magnets. Samarium cobalt , StCos, is one of a family

.t rr.. art h permanent magnet compounds and offers previously unavailable

performance, its advantages over existing permanent magnets are: a very high

energy product ot about 120kJ/m-; a very high intrinsic coercivity of 1200kA/m

a11d an intrinsic demagnetizing curve which is almost rectangular; a recoil

permeability of nearly unity, even when the flux density is reversed by a

demagnetizing field. These properties permit magnets to be operated over a wide

dvnamric rýnge about the maximum energy product point and to be used in repulsion

cont Lgurations which would demagnetise other materials.

A mainly passive suspension system consists of two major parts. First,

there are the permanent magnetic bearing elements. Secondly, there is the axial

position controller, consisting of force coil, sensors and servo control loop.

This R,-port describes an investigation into the passive, permanent magnet

aspects of a particular design of repulsion bearing. Briefly, suzi a bearing,

shown diagranmnatically in Fig. I, consists of an outer shell of permanent magnet

rings, magnetized axially, -.4ith the rings stacked with like poles adjacent and
a coaxial inner shell of magnet rings of the same thickness and stacked in

3
exact correspondence with the outers. This is not a new design , but until the

advent of samarium cobalt as previously described, it could only be realised by

using anisotropic ferrite magnets which have a maximum energy product of about
3

25kJ/ir. Samarium cobalt magnets produce about five times more force than

._? .... . __-
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ferrites from a given volume of material. It is easy to see that a radial dis-

placeoment of the inner relative to the outer leads to a positive restoring force

to the centre, but an axial displacement prcduces a negative, destabilizing

force tending to increase the displacement. In other words, the two radial

degrees of freedom are passively controlled, but the axial direction requires i3

active control. Rotation about the bearing axis is accomplished without any
losses as the bearing is radially symmetrical. it is less immediately obvious

4
but was predicted from dynamic analysis by Plimmer that the two rotational

degrees of freedom about the radial axes are passively controlled if the bearing

has a length to diameter ratio greater than a certain critical value.

The major aim qf this work has been to experiment with soft iron spacers

in between the magnet rings described above to discover if thereby the perform-

ance of bearings designed to this principle can be improved and to arrive at

design criteria which point to an optimized bearing. How, and why, this was

achieved is described later. A simultaneous effort was made, but with lower

priority, to confirm the limiting ratio of length to diameter needed for cross-

axis stability. Finally, the external field from a representative bearing

assembly has been assessed. Some related work has been carried out within the
5

RAE on force coil and amplifier systems5, that is the second part of a magnetic

suspension system as described above.

2 BEARING STIFFNESS MEASURFMENTS

2.1 Required measurerents

The stiffness an actively controlled axis can be adjusted freely within

the constraints o, p .. available within the control loop. However, for a

given design, only :mited adjustment of the stiffnesses of passively con-

trolled axes is -e. Therefore it is essential that passive axis stiff-

nesses can be accurately predicted. Backers' theory3 , based on an approximate

two-dimensional analysis predicts that:

0.655trM2
SR - 2•0C(I)

R 2p C
0

where S radial stiffness
4 R

S ffi bearing length

r = bearing mean radius

M intensity of magnetization

11O a primary magnetic constant

C = clearance between inner and outer

1 " • ,•.. . • • .. • .. . ' • •• • • -, , = .•.. . . .• , , .•• • . . , •,, , ,. . .. • •. . .. , • . •• , . .... . . ... . .. . . .. .
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provided that

a" a (7)

where a = the ring thickness.

This analysis also assumes that

dH Ss 0
dH

where H = magnetizing force.

This relation is very nearly true for samarium cobalt for H less that the

intrinsic coercivity since as mentioned before, this material h&% an almost

rectangular intrinsic demagnetizing curve. But samarium cobalt is fairly

k expensive, difficult to machine and fragile. The intention for these tests was

to use a samari.um cobalt povder impregnated resin with the commercial name HERA.

This material, it was believed, offered the same properties as samarium cobalt,
3

albeit with a maximum energy product of 55kJ/m and a slightly reduced

coercivity. Nevertheless, the essential principle of the intensity of magnet-

ization being invariant with magnetizing force was expected to remain. The

great advantages of HERA were that it was cheap, costing only a few pence per

granmme, very easy to machine, readily available and relatively robust. The first

task was to measure the stiffness of a HERA bearing to confirm that its magnetic

properties conformed with the theory. Once this was done, the real work was

begun.

The main points of the w-rk programme were as follows:

First, to measure the relationship between the positive radial stiffness

and the negative axial stiffness. As a consequence of Earnshaw's Theorem it

was expected that for this type of radiaLly passive bearing, using material

whose intensity of magnetization would remain constant over all operating con-

ditions, the axial stiffness SA should be equal to -2S . Confirmation of

this relationship would then support the assumption that the intensity of mag-

netization was invariant.

Secondly, to measure the variation of axial and radial stiffness when the

inner and outer magnets were relatively displaced radially and axially. The
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theoretical predictions for stiffness assUM that the bearing is in the

syVetfical state showm in Fig.i. In op-rational practice the knnev and outer

magnets will at times be relativi-.y offset as loads are applied to th- bearig.

It was necesgarv to measure hww the stiffness charat,-r'-stics wert, dtgrAdel by

,ffsets so that .611fvable excursions could be e*tablished for prartit-al

h bearings.

SThirdly, to measure the axial and radial stiffnezsei vith soft iron

spacers incorporated betweeL the gnet rings. AV; the satulation manctiAti n

of iron was higher than zhe intensity of magfetization -f thOe magnets it W-S

expected that increased radial stiffness could bw obtained. Hlowvvr, an th.-

iron it was not clear how the magnetization wuld be atfe~ted by relative r,4v+-

ment between the tiner and outer bearing magrnts. Therefore a series of

rwasurements was propoacd using different spacer thicknesses in an at,,wt ",,

establish a trend.

Fourthly, to measure the inhmomgeneity of the magnetization -i thO magnet

rings and relate this if possible to any chatige in radial stiifness as the i'ner

magnets wvre rotated about the bearing idxis. It the magnet rin~, ,iert n,:t .a-

formty magnetized there may be a temdency for the bearing to hav. a prefurred

alignment which during rotation could produce ur-anted oscillations )r coning.

Further, it was proposed to attempt to assess the influence of the soft iron

spacers on these eifects.

2.2 Test rig and bearings

The bearing teit rig was designed to accommoc.ate six p.iirs of magnet

rings, inners and outers, in a repulsion beiring configurati.in. Spacers ot up

to the individual ring thickness could be interleaved between the magnets. The

outer magnets were held in a housing constrained by szrew jacks stich that they

:ould be moved relative to the inners axially and radially. The screw jacks

were calibrated 3o that the displacement rould be measured. Thu. inner magnets

were held on a shtaft. The %.saft was free to slide and swivel at one end in a

universal joint. The other end was fixed to a rigidly mounted torce transducer

measuring the axial force on the shaft. A 3econd force transducer mounted at

right angles to the shaft measured the radial force on it. Simultaneous

measurement of the axial and radial forces was possible because the tcansducers

used allowed lesL than O.04mG movement along their lin&. of action while allowing

free movement, over a linited range but one much greater than O.04m, it- a plane

normal to their line of action.
• 4



Three ddit tr. r oari~; wtvri, used. twu usit4, tW:RA rings and one

1141't"S I&MArltm C~I&bI r 11491- kze% Are s.4*~hown in Tahit, 1. The test rig

r*fror~it~ie n &v*v r :L~ t Sna t J1tdý7! k'u Fr !wusing to accept

i-?r1 A' .j-o -i~ ýo4vt' Six p~airs ot rings.

I' 't T.' jZL rf~ ;a ,;r~t I.~' tIICI.I t Ill.*;. C r 4- USek: ftiV#2 outerS

A.!. t riel S r -!'- xh 4-f t5ok n m tor all the rest

ot ~ ~ ~ ~ ~ ~ ~ ~ ~~~w rh.~ 4k~ u ~~-..-...~... &r usud.

Thlit te~,t W41 irri.-ol ht:~ 'iN~- hi--k HERA r.rigs included in

T e Ithv ut anv spa- v r s PIv 'ar a ion ý:t tic A a il ýorce on the imnn:

4ntrw&s seasured -is ti'.- outer Miggliu S and hiusl~ng were displaced axialiy

IEhe'r 0 TŽ -w 'evniralk ii z. -&aurecMLht wa.% repedted with the

And t 58.9%-= trt o.,4m raoi~.. s-njtt with the increase

in stiffness h-eing prop-,'rt i*-ia. oh 1:r of hv offset. Fig.3 shous the

Va'.riation ot ridial iot t- ' .h a: .4 1 displaceme~nt for fifterent radia! offsets.

Th, asv~brtry;ý the .-ir'.*#.F sh~own in Fi. is in:'erpretted as being due to the

crcoss-aris instability ot suc iia thorr t arn

flFNi . ~ Ra i it' N iý I-'- . I )Ž..L I Mi k.4 S4A .4&t I NC!

Two test-, were- c.ir ri.d-'i Tht- ir.-;t, lising -4r thick HERA rings was to

me~surv the variat ion in. the r.i ial rorl-q onl "he shaft with radial di~iplacement

for relative axiAl offsets oetwteeri inner -ind outer magnets of 0, 0.21!M and

0.42m. The results are shio-wr ir-. Fig.4.. The positive i.adial stiffness reduced

*and to IlNr with 0."A ixial offs;et. This suggests that for small offsets

*the change in radial S;tiitTnCSS is litivar with axial offset. Fig.5 shows the

variation of axial fori.- with r.tL~al Jisp.iacement. for different axial offsets

As with the citrrespo-ýnding radial tf'rce nokŽasurewhnt, the effect of che cross-axis

instabilit.y is app~arent in the displactiemnt of the axial force minin.um fro". the

zero PosItiloyi..

The sec~ond test tiset- I . =rn tflick RE~k rings to ascertain whether the

effect of axial displacerment on the radii] -stiffness was affected by the

i nclusion of soft iron spacvrs. 71.c results are shown in Fig.6. Without spacers%
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the measured radial stiffnesses were 17.31*lm with no axial offset and 13.5N/--,

with an axial ot ,ct t.f O.21m. For the sae axial offsets the radial stiff-

nesses were i.oIl/ia .,gd IS.bN/ when P.O7&aa thick soft iroe spacers were

interposed between adjacvnt magnet rings. The selection of this particular

spacer thickness will be justified later. The stiffness was reduced by the

same, proportion in both cases.

2.4 Variation of stiffnesses with spacer thickness

This test was carried out using, all three difforent magnet ring sizes.

Each part of the test was to measure the axial force variation with axial dis-

placement about the zero position and the radial force variation likewise with

radial displacement with soft iron spacers of a particular thickness interposed

between the magnet rings. The spacer thicknesses used and the results obtained

with eatcS type of magnet ring are given on rigs.7 tc 16. The distinction

between the thick and thin spacers referred to in the titles to those figures

is relative and designed to avoid the attempted presentation of too much infor-

mation on one figure. In fact 'thick' spacers had a thickness equal to or

greater than one tenth of the thickness of the magnet fings with which they
were used. 'Thin' spacers were those less than one tenth of the magnet thick-

ness. In general the spacers were the same diameters as the magnets with which
they were used. The exceptions were the thin spacers used with the 4nm thick

HERA magrets, which for convenience had the same diameters as the I.5mn thick

HERA magnets.

The results are summarized for the 4nmm thick HERA, 1.5mm thick REM and

samarium cobalt rings in Tables 2, 3 and 4 respectively. The most interesting

feature is that the radial stiffness with spacers about O.1nnm thick was

greater than that with nu spacers. Fig.17 shows how the radial stiffness varied

with spacer thickness for each of the three ring types. The optimum spacer

thickness for maximem radial stiffness was slightly greater using samarium

cobalt magnets than using HERA ones. The ratio of axial to radial stiffness

was very close to 2:1 for spacer thicknesses less than the optimum. These

observations indicated that the increase in stiffness was due . the flux

density in the iron exceeding that in the magnets. The optimum thickness

occurred when all the iron was just saturated all the time. Then the criterion

that dM/dH - 0 in the magnetic material was satisfied again and the stiffness

ratio tended to 2:1. Redu~cing the thickness further reduced the volume of

magnetic material without increasing the flux density as the iron was saturated

and so the radial stiffness decreased linearly with spacer thickness to the

' " .--. 7
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no dpacer value, while the 2:1 rattiu was maintained. The optimum thicLkess

using samarium cobalt magnets was greater because the intrinsic magnetixation

of that material, 0. 7T was greater than that of HERA, 0.55T. There was .no

measurable difference between thie optimum thickness using 4ea and I.5nm, as

would be expected from the abovtu qualitative analysis F.ince the intrinsic

magnetization is a function of the material, not its dimensions. Using

equation (I) the stiffnesses of bearings made up from a permanent magnet part

and a saturated iron part with a saturation flux density il the iron of 1.8T

have been calculated and art, compared with the measured values in Tables 5, 6

and 7. They show that good correlation was obtained.

Figs.8 and 12 show that :.car the maximum possible radial d~splacements,

the radial stiffness was not -onstant when thick iron rings were incorporated

between the magnets. A qualitative explanation for this effect is that because

of the highly denmgnetiziug fields existing under those conditions tile m1agnetic

flux was short circuited by the unsaturated iron. There was no evidence for a

similar effect using the thin iron spacers, which suggests further confirmation

that in those circumstances, they were always saturated.

2,5 Variation of stiffnesses with iron sleeving

Figs.18 and 19 show the results after fitting an iron sleeve 5mm thick

over the outer 4mm thick HERA magnets. The purpose was to assess the useful-

ness of such a sleeve in reducing the external magnet field from the bearing

and to find out to what extent the bearing performance would be degraded.

The axial stiffness was -46N/nmm and the radial stiffness was 23N/um. It

will be seen later that the reduction 'in stiffnesses is almost exactly the

same as the reduction in external magnetic field. This suggests that sleeving

of this type is not suitable as a way of reducing the external field.

2.6 Effects of magnetic inhomogeneity

The axial flux density of each ring was measured -ising a Hall effect

magnetometer as near as possible to the inner edge of the outer magnets and the

outer edge of the inner magnets. The active element of the Hall probe was

about 5am long by Imm wide and measured the flux density normal to its face.

The measuriments were made with the long axis of the probe element aligned

radialIly.

All the HERA rings displayed the same characteristic pattern of flux

density with a single maximum and a single minimum diametrically oppositL, with

- _ ~ ~ -
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a smooth transition between them. For two of the four cracked rings, the mini-

mum was coincident with a crack in the ring. Table 8 shows the maximum and

minimum flux density measured for each of the HERA rings with the percentage

variation in each case. Several attempts were made to measure the variation of

radial stiffness with the relative angular position of the inners with respect

to the outers, by measuring the stiffness, rotating the inners through 900

then remeasuring. Both 4t = and 1.5mm thick rings were used, without spacers.

There was no detectable variation in radial stiffness.

Table 9 shows the results using the samarium cobalt ritigs. The flux

density from these wis neasured for each ring without spacers and then with

first a 0.25mm iron ring on each face, then with 2.5mm iron rings. With a
single exception, all the rings showed the same diametrically opposed maximum

and minimum as the HERA rings. One of the outer rings however, had two maxima

diametrically opposite and two minima on a diameter displaced 900 from the

maxima. Another of the outer rings was broken after measuring without spacers

and was not subsequently used. One of the inners was broken into four pieces

and could only be used when held between two 0.25mm spacers. The results show

that the variation in flux density was in some cases very high and that iron

facing pieces in the worst cases approximately halved the difference between

maximum and minimum. Fig.15 shows the difference between the radial stiffnesses

obtained before and after the inner magnets were displaced through 90 '. In

one position the radial stiffness was 28.8N/mm; in the other it was 28.2N/n•m.

The 0.25mm iron spacers were incorporated between the rings. The problems

involved in assembling the broken inner ring into the test rig were too great

to permit a comparison without spacers.

3 CROSS-AXIS STABILITY

4
Analysis has shown that a bearing of the type examined in this work

should have positive angular stiffness if the ratio of the bearing length, Z, to

the diameter of the inner magnets, d, exceeds /3. This prediction can be con-

firmed using a simple pendulum as shown in Fig.20. The inner magnets become the

pendulum bob, constrained axially by the rigid pendulum arm. The outer magnets

are rigidly mounted.

Practical bearings would be designed to operate well away from the critical

region. However, confirmation of such a predic':ion imp-oves confidence in the

analysis fcom wnence it came.

-. ~ -
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For such a pendulum where the mass of the inner magnets is M' kg, the

mass of the arm is M kg, the dimensions are as shown in Fig.20 and the bear-

ing radial stiffness is SR N/m the oscillation frequency w rad/s can be

shown to be given by:

2 SR(L' 2 _ d2/4 + X'*j12) ± M'gL' ± Mgt

2 '(2/4 + L' 2) + ML 2/3

The signs of the second and third terms of the numerator depend on whether the

pivot of the pendulum is above or below M' . However, it is the first term

in the numerator which is the significant one in establishing the critical

length to diameter ratio. This term can be rewritten

SR[L 2 + I (2 d d2)]R ~4 3

2
2.

The term d appears as a direct consequence of the assumption that

positive angular stiffness results when Z >JT3-. If the constLnt of proportion-

ality were not V- , or the criterion for angular stability were not the simple

relationship, 2 and d would appear in the above with different constants

or in different ways. Therefore in principle an accurate determination of the

period of such a pendulum would be sufficient to confirm the relation in

question.
22 2

In practice, 4 d be significantly large with respect to L'

with the other parametern also accurately known before a sufficiently sensitive

measurement can be made.

Barium ferrite ring magnets were used to construct pendulums. The

number of inners used were 1, 2, 3, 4 and 8. In each case, first the frequency

of a long pendulum was kaeasured; with L' long, the k and d terms became

negligible and SR could be accurately calculated. Using these values of SR

the curves shown in Fig.21 were drawn predicting the behaviour of short pendu-

lums such that the 2 and d terms became significant. Then short pendulums

weie made, using the same magnet rings as had been used in each case for the

long pendulums. Their oscillation frequencies were measured and are plotted

on Fig.21. The estimated total uncertainty due to measurement accuracy is ±9%.

However, there was another potential source of error, namely that the radial

..-
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stiffness reduces with a~ial movement away from the central position. Using

long pendulums this effect was negligible as the angular motion was very small.

However with short pendulums the allowable angular deflection was much greater

and significant axial movement, could occur. Special atcention therefore had to

be paid to ensuring that the oscillation frequency was measured with the smallest

possible deflection. In general this was not a problem, except in the case of

the one-ring pendulum. Then the low inertia led to rapid damping of the pendulum

motion and consequently to difficulty in measuring the period when the deflection

was suitably small. Therefore it is not surprising that the discrepancy between
observed and predicted frequency in this case is the only one outside the
tolerance quoted above.

4 EXTERNAL MAGNETIC FIELD

The peak magnetic flux density was measured at a distance of 66m from
the -axis of the bearing. The field direction was parallel to the axis. The

position of the maximum flux density was in line with the end of the bearing.

Using 4mm thick HERA rings the external flux density was measured for

three configurations. With no spacers the external field was O.'65n". With

0.076mm thick spacers it was 0.178mT. Finally, without spacers and with an

iron sleeve over the outers, the measured field was 0.143mT. A single measure-

ment was made usi., samarium cobalt rings with 0.051mm thick spacers and the

external field was 0.275mT.

5 CONCLUSIONS

The restricted time available to complete this work programme has left

some results open ended or inconclusive. The major aim, to investigate the

effects of soft iron spacers between the magnet rings, has been satisfactorily

met. The radial stiffness of a bearing can thereby be increased usefully

without disproportionately increasing the axial destabilizing stiffness and

with a smaller penalty in mass and dimensions than would result from adding

more magnets. Additionally the iron spacers reduce the variation in flux
.1 density outside the rings which should reduce the variation in stiffness as the

bearing rotates.

SThe L.Luled data from the cross-axis stability experiment support the

claim for. a critiail length to diameter ratio of Vr3 . A more through investi-

gation id needed Lo be conclusive. The technique used is believed to be sound,

but better apparatus using HERA magnets would reduce the uncertainty.

S .... .. • ,. .* .'4 ., '. , • .. . .
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Only a cursory attempt to weasure the external field was possible. As

waa expected this showed that a magnetic suspension using this principle would

be embarrassing on a magnetically sensitive ipacecraft. However at synchronous

height where most applizations lie few spacecraft are magnetically sensitive.

It is conceivable that an attraction system using a closed magn. "ic circuit may

be preferable, but leakage would probably be so great that there would be little

to choose between it and a repulsion system. More information is needed on the

feasibility of. magnetic shielding.

A

Ii

L• -. ,.. • ,• .. .• .. 2,•• "---; .. ,.,:. ; .--'• • :--- :- .. . Y .•:
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Table I

DIMENSIONS OF MAGNET RINGS USED FOR BEARING STIFFNESS MEASUREMENTS

Outer magnets Inner magnets

Material Outside Inside Outside I Inside Thickness
diameter diameter diameter diameter

SmCo 5  56.2 46.2 44.6 134.5 2.54

HERA 45.0 37.4 34.8 24.2 4.0

HERA 45.0 37.0 35.4 24.2 1.5
,.,_______ I_______________-

Table 2

AXIAL AND RADIAL STIFFNESSES USING 4nm THICK HERA
RINGS AND SOFT IRON SPACERS

Spacer Axial Radia. Ratio
thickneas stiffness SA stiffness SR -SA/SR

mm N/um N/rm

2.0 -72.3 8.3 8.7
0.8 -75.9 15.9 4.F
0.4 -75.7 18.8 4.0
0.15 -68.1 27.0 2.5
0.076 -60.1 2?.4 2.0
0.051 -57.4 28.0 2.0
0 -52.6 25.1 2.1

Table 3

AXIAL AND RADIAL STIFFNESSES USING 1 .Son THICK HERA
RINGS AND SOFT IRON SPACERS

Spacer Axial Radial Ratio
thickness stiffness SA stiffness SR -SA/SR

mm N/mu Nlm

1.5 -66.0 7.7 8.6
0.75 -80.3 13.2 6.!
"0.3 -75.9 18.4 4.1

0.15 -60.0 21.2 2.8
0.076 -46.6 21.8 2.1
0.051 -40.9 21.4 1.9
0.025 -35.0 19.8 1.8
0 -33.3 18.4 1.8

]I
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Table 4

AXIAL AND RADIAL STIFFNESSES USING SAMARIUM COBALT
RINGS AND SOFT IRON SPACERS

Spacer Axial Radial Ratio
thickness stiffness SA stiffness SR -SA/SR

mm N/nm N/ram

0.25 1i2.6 28.8 3.9

0.102 102.3 44.6 2.3

0.051 94.6 38.6 2.4

0 76.7 36.6 2.1
i

Tabl.e 5

COMPARISON BETWEEN PREDICTED AND MEASURED VALUES OF RADIAL
STIFFNESS USING 4m HERA RINGS AND THIN IRON SPACERS

Spacer Predicted radial Measured radial
thickness stiffness stiffness

nm N/lm N/mm.

0.076 33.5 29.4

0.051 31.1 28.0

0 26.3 25.1

Table 6

COMPARISON BETWEEN PREDICTED AND MEASURED VALUES OF RADIAl.
STIFFNESS USING 1.5mm HERA RINGS AND THIN IRON SPACERS

Spacer Predicted radial Measured radial
thickness stiffness stiffness1

mm N/mm N/mm

0.076 23.3 21.8

0.051 20.9 21.4

0.025 18.5 19.8

0 16.1 18.4

4 . -- ..-.
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I Table 7

COMPARISON BETWEEN PREDICTED AND MEASURED VALUES OF RADIAL STIFFNESS
USING SAMARIUM COBALT RINGS AND THIN IRON SPACERS

Spacer Predicted radial Measured radial
thickness stiffness I stiffness

nun N/nun N/nun

0.102 36.6 44.6

0.051 34.1 38.6

0 31.7 36.6

Table 8

VARIATION OF MEASURED FLUX DENSITY FROM HERA MAGNET RINGS

Maximum Minimumj
flux density flux density VaitoRerk

MT MT

P. ~4mm thick HERA outer

33.8 30.2 11.9 Cracked, no correlation
35.0 32.2 8.7 Edge flaked, no correlation
38.2 35.0 9.1

34.0 32.25.

37.8 34.6 9.2 Cracked, no correlation

4mm thick HERA inner

46.0 44.0 4.5

43.5 42.6 2.1

43.9 43.0 2.1

* 44.8 42.5 5.4

44.0 42.8 2.8

45.2 43.9 3.0

1.5mm thick HERA outer
16.4 15.8 3.8

16.1 15.6 3.2t17.2 15.8 8.9 Minimum coincident with crack
17.1 16.3 4.9

16.7 16.0 4.4 Minimum coincident with crack
17.4 16 .4 6.1

1.5mm thick HERA inner

25.0 24.2 3.3

F;25.0 23.5 6.4

24.0 23.0 4.3

25.0 24.0 4.2

26.0 25.0 4.0

27.0 25.0 j 8.0
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Table 9

VARIATION OF MEASURED FLUX DENSITY FROM SAMARIUM COBALT RINGS

Maximum J Minimum nVariation Remarks
flux density flux density

MT WT

No iron rings - outer
46.5 45.0 3.3

44.5 43.0 3.5
45.5 36.7 24.0 Two maxima and minima
46.5 43.5 6.944.0 43.2 1.9 Minimum conicident with crack

No iron rings - inner

49.0 42.5 15.3
49.0 48.0 2.1

0.25mm facing rings - outer

50.0 48.0 4.2
47.5 46.5 2.2
48.0 42.5 12.9 Two maxima and minima
50.0 47.5 5.3

0.25mm facing rings - inner

61.0 56.0 8.9
65.0 62.0 4.8
65.0 39.0 66.7 In four pieces

2.5mm facing rings - outer

63.0 59.0 6.8
59.0 56.0 5.4
63.5 58.0 9.5 Two maxima and minima
56.5 55.0 2.7
59.5 57.0 4.4

2.Smm facing rings - inner

68.5 I 66.0 3.8
72.0 70.5 2.1

- -.-. -
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